Combined analyses of deep tow magnetic anomalies and International Ocean Discovery Program Expedition 349 cores show that initial seafloor spreading started around 33 Ma in the northeastern South China Sea (SCS), but varied slightly by 1-2 Myr along the northern continent-ocean boundary (COB). A southward ridge jump of 20 km occurred around 23.6 Ma in the East Subbasin; this timing also slightly varied along the ridge and was coeval to the onset of seafloor spreading in the Southwest Subbasin, which propagated for about 400 km southwestward from 23.6 to 21.5 Ma. The terminal age of seafloor spreading is 15 Ma in the East Subbasin and 16 Ma in the Southwest Subbasin. The full spreading rate in the East Subbasin varied largely from 20 to 80 km/Myr, but mostly decreased with time except for the period between 26.0 Ma and the ridge jump (23.6 Ma), within which the rate was the fastest at 70 km/ Myr on average. The spreading rates are not correlated, in most cases, to magnetic anomaly amplitudes that reflect basement magnetization contrasts. Shipboard magnetic measurements reveal at least one magnetic reversal in the top 100 m of basaltic layers, in addition to large vertical intensity variations. These complexities are caused by late-stage lava flows that are magnetized in a different polarity from the primary basaltic layer emplaced during the main phase of crustal accretion. Deep tow magnetic modeling also reveals this smearing in basement magnetizations by incorporating a contamination coefficient of 0.5, which partly alleviates the problem of assuming a magnetic blocking model of constant thickness and
Introduction
The South China Sea (SCS) basin has been traditionally divided into two main subunits, the East and the Southwest Subbasins (Figure 1) . The amplitudes and orientations of magnetic anomalies, among other geological/geophysical parameters, differ markedly between these two subbasins, which are divided by a complex boundary called the Zhongnan Fault in between ( Figure 1) [Yao, 1995; Li et al., 2008] . The ages of the SCS basin have been investigated for many years based on geophysical data in the central basin [e.g., Hayes, 1980, 1983; Briais et al., 1993; Barckhausen and Roeser, 2004; Barckhausen et al., 2014; Yao et al., 1994; Li and Song, 2012; Song and Li, 2012; Hsu et al., 2004 ] and on regional major unconformities in the surrounding rift basins [e.g., Hayes, 1980, 1983; Wang et al., 2000 ].
How regional major unconformities identified within the continental margins could reflect tectonic events in the central basin is debated, since in many cases these unconformities cannot be easily traced from the continental margin to the central basin due to common existence of distal uplift near the continent-ocean boundary (COB) [Li et al., 2009 . Therefore, large uncertainties and different models exist in the estimated opening ages and episodes of the SCS, because of the nonuniqueness of magnetic anomaly identifications Hayes, 1980, 1983; Briais et al., 1993; Barckhausen and Roeser, 2004; Barckhausen et al., 2014; Yao et al., 1994; Li and Song, 2012; Song and Li, 2012; Hsu et al., 2004] . Different models gave different age estimates (Table 1) , and it was uncertain whether the SCS basin experienced primarily a single episode or multiple episodes of extension and seafloor spreading and, if multiple, in what sequence different subbasins evolved [e.g., Taylor and Hayes, 1980; Pautot et al., 1986; Ru and Pigott, 1986; Briais et al., 1993; Yao et al., 1994; Hayes and Nissen, 2005; Li and Song, 2012] . This problem is further compounded by the fact that all magnetic anomalies previously collected are either shipborne surface-towed or airborne data that are unavoidably attenuated, since the measurement datums were at least 4-5 km above the magnetic source layer.
The early classical works of Hayes [1980, 1983] and Briais et al. [1993] estimated that the age of the SCS is from 32 to 16 or 17 Ma. These age ranges or identified magnetic anomalies were further supported by recent revisits of surface magnetic anomalies based on the updated geomagnetic reversal model Song and Li, 2012] . There are also other different models. Hsu et al. [2004] argued that magnetic anomalies from part of the northern continental slope could indicate that the early opening of the SCS may have started around 37 Ma, but this part is unlikely to be floored with oceanic crust based on seismic reflections [Li et al., 2007; McIntosh et al., 2013] . Barckhausen and Roeser [2004] concluded that seafloor spreading at the SW rift tip ceased at 20.5 Ma, anomaly 6a1, approximately 4 Ma earlier than interpreted in previous works. Barckhausen et al. [2014] again supported this interpretation and argued that spreading at the SCS was in reasonably fast spreading rates, varying from 56 km/Myr in the early stages to 72 km/Myr after the ridge jump to 80 km/Myr in the Southwestern Subbasin.
To better interpret the data, existing and/or known age benchmarks in the SCS are critical. Previous studies have identified some key magnetic anomalies that are characteristic in their amplitudes and are better constrained. Two conspicuous anomalies (M1 and M2 on Figure 1 ) are previously identified as C8, and are dated as 27.5 Ma Hayes, 1980, 1983; Briais et al., 1993] , or 26.4 Ma based on the geomagnetic polarity time scale CK95 of Cande and Kent [1995] , or 26.0 Ma based on the Geomagnetic Polarity Time Scale 2004 of Gradstein et al. [2004] Song and Li, 2012] . Briais et al. [1993] proposed a small ridge jump occurred after the magnetic anomaly C7, which was originally dated as 27 Ma. Based on the geomagnetic polarity time scale CK95 [Cande and Kent, 1995] , the age of C7 is 24.8 Ma . Barckhausen et al. [2014] proposed a similar age of 25 Ma. These timings of proposed ridge jump seem to coincide with a prominent unconformity/slump zone of a 2-3 Ma of sedimentary hiatus revealed at Site 1148 of ODP Leg 184 [Wang et al., 2000; Li et al., 2004] .
Polarity Time Scale 2012 (GPTS2012) [Gradstein et al., 2012] . Two recent endeavors helped move a big step forward in addressing these problems. First, two deep-tow magnetic surveys in the SCS were successfully carried out in 2012 and 2013, respectively, and they represent the first acquisition of high-resolution near- bottom magnetic data offshore China. Altogether, four deep-tow transects were surveyed covering both the East and Southwest Subbasins, and the total length surveyed is 1220 km (Figure 1 ). By placing the magnetometers closer to the magnetic source layer, we can pick up fine-scale magnetic reversal features that otherwise do not show up clearly on surface-towed profiles.
Furthermore, recently completed International Ocean Discovery Program (IODP) Expedition 349 (26 January 2014 to 30 March 2014) drilled five sites in the central basin of the SCS to study regional geodynamics and oceanic crustal evolution ( Figure 1 ). Three of the five sites (Sites U1431, U1433, and U1434) were cored into the igneous basement near the fossil spreading center where seafloor spreading terminated, and another Site U1435 penetrated through the breakup unconformity proximal to the northern continent-ocean boundary where seafloor spreading started [Expedition 349 Scientists, 2014] . These four sites serve as benchmark points for ages and basement properties that are very much needed to further validate geophysical interpretations.
In this paper, we present results of our studies on these recently acquired deep tow magnetic anomalies and IODP Expedition 349 cores, and revisit the opening models of the SCS. While close to the early proposed model of Hayes [1980, 1983] and Briais et al. [1993] , our results confirm along-strike variation in the onset timing of seafloor spreading, and tune up the age of the ridge jump to be around 23.6 Ma in the East Subbasin. Our calibrated spreading rates, quite opposite to those proposed by Barckhausen et al. [2014] , throw important new insights into the kinematics of the opening of the basin. Additionally, by measuring and comparing magnetic anomalies at different levels, we are able to examine, with much more confidence, the previously little-known top magnetic layer structures of the oceanic crust. The magnetic measurements from igneous basement cores at Sites U1431, U1433, and U1434 have helped in this regard.
Deep-Tow Magnetic Surveys
Deep-tow magnetic surveys started in the late 1970s with the development of the Deep Sea Drilling (DSDP) [Greenewalt and Taylor, 1978; Macdonald et al., 1979] . The technique was later extensively applied in surveying global mid-ocean ridges [Tivey, 1996; Perram et al., 1990; Hussenoeder et al., 1996; Pouliquen et al., 2001; Yamamoto et al., 2005] . In recent years, deep-tow magnetic data were further used in discerning hydrothermal vents and their activities [Gee et al., 2001; Tivey and Johnson, 2002; Zhu et al., 2010] . In addition, highresolution magnetic anomalies were essential for understanding continental breakup [Whitmarsh et al., 1996] , magnetic reversal behaviors [Tominaga et al., 2008] , and paleointensity variations [Sager et al., 1998; Gee et al., 2000; Granot et al., 2012] .
Because this study represents the earliest endeavor in acquiring deep-tow magnetic data by Chinese scientists , a tremendous amount of time was devoted to designing, building, and testing the deep-towed vehicle, which was assembled at Guangzhou Marine Geological Survey (GMGS). The deeptowed vehicle carried an ultrashort baseline system (USBL), a conductivity-temperature-depth (CTD) logger, an altimeter, and a self-contained digital three-axis magnetoresistor magnetometer (MiniMAG) from Woods Hole Oceanographic Institution. To ensure safe acquisition of at least one copy of magnetic data and real monitoring of the working state of the magnetic system, a SeaSPY proton precession magnetometer was also towed 15 m behind the deep-towed vehicle. Magnetic data from two different systems can be compared with each other and facilitate data processing and interpretation. All these magnetometers were tested and calibrated in the Zhaoqing Geomagnetic Base Station in Guangdong Province before the surveys.
We designed four transects covering nearly all magnetic anomalies of both the East and Southwest Subbasins of the SCS in order to document key points of evolution of the entire basin. The location of the four transects was designed to avoid seamounts and with full consideration of tectonic zonation, magnetic lineation and strength, and ocean currents.
During the surveys, the height of the deep-towed vehicle above the seafloor was collectively controlled by adjusting the length of the opto electric composite cable that connects the deep-towed vehicle with the R/ V Haiyang 6 of GMGS, the weight of the deep-towed vehicle, and most critically the cruising speed. The cable length was controlled to be within 7500 m, and the cruising speed varied from 3.334 to 4.074 km/h. The heights of the magnetometers were kept mostly between 200 and 500 m above the seafloor ( Figure 2 ).
Geochemistry, Geophysics, Geosystems Because of the low cruising speed required, it took R/V Haiyang 6 nearly a month of total work at sea to finish 1220 km of deep tow magnetic survey along four transects: dd12 and de12 acquired in 2012, and dc13 and da13 surveyed in 2013 ( Figure 1 ).
Meanwhile, a SeaSPY proton precession magnetic gradiometer was towed 350 m behind the ship to record magnetic anomalies from the sea surface, which are compared to deep tow magnetic anomalies to better calibrate data at different levels. The two magnetometers in the gradiometer were spaced 80 m apart. Although not used and presented in this paper, three-axis shipborne magnetic data were also acquired during our surveys by installing fluxgate magnetometers on the mast and GPS antennas.
There are several inland magnetic base stations around the SCS that can provide diurnal corrections to our surveyed data. We collected their data for data processing. We also deployed a Sentinel seafloor geomagnetic base station in the Zhongsha Islands at a water depth of 2789 m (Figure 1 ). The station worked well during our survey in 2013.
Magnetic Data Processing
First, magnetic, navigation, and attitude data are extracted from their respective raw data files and they are then merged together into one file for each transect. Navigation data are then corrected from the ship positions to the positions of magnetometers based on the recorded lengths of the cables, assuming that the cable runs antiparallel to the heading direction. When the underwater positioning system works well, no navigation corrections are needed for deep-towed magnetometers.
To remove the theoretical geomagnetic field from the observed data, we apply at 0 m altitude, the software Geomag 7.0 and the International Geomagnetic Reference Field (IGRF), which is a spherical harmonic Geochemistry, Geophysics, Geosystems Vietnam (11.945 N, 108 .482 E) for surface-towed data and from the seafloor geomagnetic base station (17.039 N, 115.000 E) for deep-towed data. We find that diurnal corrections are normally small, mostly within 650.0 nT. These external field corrections have longer wavelengths and lower amplitudes than most deep-tow anomalies, and therefore, make little change in the anomaly sequence character [Tominaga et al., 2008] .
After all the above corrections, the data are further smoothed with a 100 m wide moving window to remove very short wavelength errors and then resampled to larger sampling intervals. Finally, the magnetic anomalies are projected to a common azimuth for each transect. The final processed data are shown in Figures 3-5. Data from both levels are clearly synchronized in their trends. This demonstrates the advantage of deep tow magnetic anomalies and also validates the effectiveness of our data acquisition and processing scheme.
To further see the correlation between surface and deep tow magnetic anomalies, we carry out upward continuation on the deep tow magnetic anomalies from the uneven deep tow level to the sea level using the frequency domain chessboard method [Cordell, 1985; Cordell et al., 1993; Phillips, 1997 ]. The upward continued deep tow magnetic anomalies match remarkably well with the anomalies measured at the sea level ( Figure 6 ), and can be used to provide a reference in correlating smaller anomalies [Sager et al., 1998; Tominaga et al., 2008] .
Magnetic Anomaly Modeling and Age Constraints

Model Construction and Parameters
Before constraining SCS crustal ages based on deep tow magnetic anomalies, we need to define the continent-ocean boundary (COB) to avoid modeling anomalies that may not be associated with oceanic crust (Figures 7 and 8 ). From comprehensive magnetic, gravimetric, and reflection seismic data analyses, Li and Song [2012] found that the COB corresponds roughly with a transitional boundary in free-air gravity anomalies between mostly positive gravity anomalies in the central oceanic basin and grossly negative gravity anomalies in the extended and subsided transitional continental crust ( Figure 7 ). The COB so defined is close to other interpretations [Nguyen et al., 2004; Braitenberg et al., 2006; Franke et al., 2011] . Within the area confined by the COB, the regional magnetic anomaly map based on the shipborne and airborne magnetic dataset compiled by Geological Survey of Japan and Coordinating Committee for Costal and Offshore Geoscience Programs in East and Southeast Asia (CCOP) [Ishihara and Kisimoto, 1996] , shows typical alternating magnetic reversal patterns ( Figure 8 ).
On or near most segments of our deep-tow magnetic survey lines, we have multichannel reflection seismic profiles to constrain the depths to the magnetic sources (igneous basement) [Li et al., 2010; Ding et al., 2013] . The thickness of sediments can be estimated from the time-depth curves obtained from sonic logging at Site 1148 from ODP Leg 184 [Wang et al., 2000; Li et al., 2008] and at IODP Site U1433 from Expedition 349 [Expedition 349 Scientists, 2014] . Where seismic constraints are not possible, we either use a gradual change in the basement between two controlling depth points or apply the average basement depths based on adjacent data.
To simulate magnetic anomalies, we use the MATLAB based software MODMAG [Mendel et al., 2005] , which is a versatile tool that can accommodate varying spreading rates and asymmetric spreading possibly alternating with axial jumps. The computing algorithm of the software is based on Talwani and Heirtzler [1964] .
Previous studies suggested that the spreading rates of the SCS are low to intermediate Hayes, 1980, 1983; Briais et al., 1993; Song and Li, 2012] . In these scenarios, off-axis intrusions or late-stage lava flows that move horizontally for a long distance may contaminate preexisting polarity stripes [Tisseau and Patriat, 1981; Mendel et al., 2005] . The deeper part of oceanic crust also cools and becomes magnetized later Geochemistry, Geophysics, Geosystems than the shallower part [Kidd, 1977] . MODMAG is capable of dealing with these problems by forward modeling with a fictitious spreading rate that is slower than the real spreading rate, based on the method of Tisseau and Patriat [1981] . By assigning different contamination coefficients R (0 < R <5 1, with 1 for no contamination), the magnetic source blocks are narrowed corresponding with the fictitious spreading rate before modeling, and are put back to their original position after computation [Mendel et al., 2005] .
The measurement datum assumed by MODMAG needs to be constant, but our measurements are made on uneven surfaces (Figures 4 and 5 ). As we show in Figure 6 , anomalies of transect de12 upward continued to the sea level from the uneven deep tow level have an excellent match to anomalies measured at the sea level, suggesting that unevenness in observation level is not problematic. We can test again on transect de12 how this unevenness affects our observations by upward continuation from the uneven observation surface to an adjacent level, and we find that the magnetic anomalies after upward continuation to 3.5 km are very close to the original observation ( Figure 3c ). This shows that unevenness in our observation does not change the magnetic anomaly patterns and have no effects on data calibration. We therefore opt to use the originally observed instead of leveled anomalies in data calibration.
We adopt the most up-to-date magnetic polarity reversal models from the Geomagnetic Polarity Time Scale 2012 (GPTS2012) [Gradstein et al., 2012] . Other information needed for the modeling include ambient magnetic field components (inclination and declination), spreading direction, azimuth of the profile, depth of source layer, and mean latitude and strike of magnetic bodies at the time of ridge formation ( tan Ir ð Þ52 tan k ð Þ:
Paleolatitudes are assessed from the plate movement and the virtual geomagnetic pole of the plate. We keep a constant magnetic layer thickness of 0.5 km and assume that the average crustal magnetization is 5 A/m. Keeping these parameters constant allows more robust estimates of spreading rates and ages, which are the main objectives of this study.
Modeling
In situ measurements of basement ages are crucial for ground truthing the above inferred ages and providing new benchmarks for understanding the kinematics of seafloor spreading. Recently, completed IODP Expedition 349 drilled through the sediment-basement interface and recovered oceanic basalts at three sites, U1431, U1433, and U1434 ( Figure 1 ). Radiometric age dating on basalts is ongoing; however, preliminary microfossil age constraints are obtained at/near the sediment-basement interface and/or from interflow sediments between basaltic units (Table 3) [Expedition 349 Scientists, 2014]. Our deep tow transects either pass through or are close to Sites U1431, U1432, and U1435 in the East Subbasin so that data from these IODP sites provide crucial age constraints. In the Southwest Subbasin, transect dc13 is about 100 km away to the southwest of Sites U1433 and U1434, but based on the regional magnetic anomaly map (Figure 8) , the projected positions of these sites on the transect dc13 can be determined.
Nevertheless, in our study, we have always relied highly on the high-quality magnetic anomaly data in assessing ages. The ages from IODP sites are used as referencing points, but by no means have these points been assigned fixed ages in our modeling. In other words, we do not force our modeled ages at the IODP sites to be identical to the microfossil determined ages. Rather, we follow the guidance of magnetic anomalies, but check if the microfossil determined ages fall into our modeled age intervals between controlling points. If would be alarming if the modeled ages are way off the microfossil determined ages. 
East Subbasin
Transects dd12 and de12 in the northern part of the East Subbasin are subparallel to each other and can be easily correlated (Figures 1, 3, and 8) . On both transects, we observe a sharp magnetic boundary between anomalies of low amplitudes to the north and of high amplitudes to the south (denoted as M1 on Figures 1,  3, and 8) . This boundary shows a characteristic magnetic pattern with large negative amplitude that is best modeled if it is assigned as the boundary between magnetic chrons C8r and C8n, which has an age of 26.0 Ma according to GPTS2012.
The major unconformity dated to 33 Ma recovered at IODP Site U1435 is inferred to represent the earliest regional seafloor spreading and rapid thermal subsidence that triggered changes from shallow marine to deep marine sedimentary environments. From regional correlation of magnetic anomalies, the oldest oceanic crust appears to be further northeast of transects dd12 and de12 (Figure 8) . Therefore, the oldest ages revealed by these two transects near the COB should be younger than 33 Ma. Based on our forward modeling, we find that the onset of seafloor spreading locally near Site U1432 began at about 31.5 Ma, which is about 1.5 Myr later than the earliest regional onset of seafloor spreading (Figures 8 and 9 ). Early studies suggested a ridge jump around the anomaly associated with chron C7 [Briais et al., 1993] , which could have caused the slightly wider half basin to the north of the fossil axial ridge than to the south. Although this geometrical asymmetry could be explained by asymmetrical spreading rates across the axial ridge, by integrated analyses with transect da13 (Figure 10 ), we now also prefer a ridge jump around 23.6 Ma as this arrangement gives the best matches between modeled and observed anomalies (Figures 8-10 ). The timing of this ridge jump varies slightly from 23.5 to 23.85 Ma based on our modeling of the three transects in the East Subbasin, and the distance of the jump is about 20 km and also varies slightly from place to place.
Transect da13 traverses the crust in the central basin that is not covered by transects dd12 and de12. This allows modeling of magnetic anomalies over the entire basin without large gaps. During the acquisition of data along transect da13, the cable connecting the deep-towed vehicle and the SeaSPY magnetometer developed a leakage problem and had to be fixed several times. This caused narrow data gaps in the SeaSPY data and early pullout of the SeaSPY magnetometer, but both deep-towed MiniMAG and surfacetowed magnetometers worked well and recorded excellent data that complement SeaSPY magnetometer readings (Figure 11) .
In a central Pacific study, Barckhausen et al. [2013] compared biostratigraphically determined ages of sediments directly overlying the igneous oceanic crust with confirmed crustal ages based on magnetic anomaly identifications, and found that consistently the sediment ages are 1-3 Myr younger than the magnetically derived ages. In our case, here at IODP Site U1431, which is about 15 km away from the fossil spreading center (Figures 1 and 11) , the datable age of sediment above the basement is just about 13 Ma. However, radiolarians were found here from interflow sediments between two basaltic units of the basement, and they were picked from the 63 mm size fraction and examined using scanning electron microscope (SEM). The presence of Didymocyrtis prismatica and Calocycletta costata gives an estimated biostratigraphy age of 16.7-17.5 Ma (Table 3) ,which is considered more representative of the age of the underlying basement [Expedition 349 Scientists, 2014]. The terminal age of the ridge is expected to be a little younger than this age range. Our modeling suggests that the optimal terminal age in the East Subbasin is 15.0 Ma (Figure 11 ).
To the south of the axial ridge, M2 is the sharp magnetic boundary thought to be conjugate to M1. From our modeling, we notice that the same boundary between magnetic chrons C8r and C8n creates a positive magnetic anomaly between two large negative anomalies here. This is different from the single large negative anomaly caused by the same chron boundary to the north of the axial ridge, because of their opposite relative positions of magnetic chrons C8r and C8n; chron C8n is located to the south of chron C8r north of the fossil ridge, but to the south of the fossil ridge chron C8n is located north of chron C8r (Figures 9-11 ). With this character, we can easily identity the location of M2, which provides a definitive age control (Figure 11 ).
Our modeling results based on the three transects in the East Subbasin indicate that the full spreading rate was higher at the beginning of seafloor spreading from 32 to 29 Ma (Figure 12) spreading rates at the first several million years after the onset of seafloor spreading in the SCS could reflect the active lithospheric breakup and mantle upwelling. The basement variations in the SCS also indicate large variations in the spreading rate; the older part of the oceanic basement closer to the northern continental margin is rather featureless, but the area close to the relict spreading center and the Southwest Subbasin show many basement ridges [Li et al., 2010 . These changes in basement structures from being smooth to rough could be caused by spreading rate variations from being relatively fast at the beginning to relatively slow near the end of seafloor spreading in the East Subbasin.
The magnetic anomalies M1 and M2 also appear as a boundary in the spreading rate; from these anomalies to the ridge jump around 23.6 Ma, the spreading rate was the highest, peaking at about 75 km/Myr. After the ridge jump, the spreading rate was variable but generally decreasing from 50 to 35 km/Myr. This second peak in spreading rate around 25 Ma could be associated with the onset a second seafloor spreading event in the Southwest Subbasin and the identified ridge jump. Intensified regional tectonics also caused a regional unconformity and depositional hiatus at the Oligocene-Miocene boundary in the northern continental margin [Wang et al., 2000] . The gradually decreasing spreading rate after the second peak can be explained by the slowing down in the mantle convection toward the dying of the seafloor spreading process.
We observe small but perceivable along-strike variations in tectonic timing and spreading rate. At different profiles, the initial onset of seafloor spreading and age of the ridge jump are not exactly the same. Figure 12 shows slightly varying spreading rates from one profile to another. These observations reflect large heterogeneity in the rifting and seafloor spreading kinematics, which can also be evident from regional magnetic anomaly variations in orientations and widths (Figure 8 ).
Southwest Subbasin
Given the large contrast between the East and Southwest Subbasins in geophysical observations , some early studies indicated that the Southwest Subbasin might be opened earlier [e.g., Ru and Pigott, 1986; Yao et al., 1994; Li et al., 2007] . This point is in contrast to the commonly held view that the opening of the East and Northwest Subbasins predated, or at least synchronized partly with, that of the Southwest Subbasin [Taylor and Hayes, 1983; Briais et al., 1993; Barckhausen and Roeser, 2004; Barckhausen et al., 2014] . However, the narrow Southwest Subbasin and its relatively weak and irregular magnetic anomalies often pose difficulties in magnetic anomaly calibration [Briais et al., 1993; Song and Li, 2012] .
IODP Sites U1433 and U1434 are not located directly on transect dc13, but can be projected to the transect based on regional magnetic anomaly lineation (Figures 13-15 ). With the age control of these sites and matching of high-resolution deep tow magnetic anomaly, we examine three of the existing age models and present our preference. Barckhausen et al. [2014] suggested that the entire SCS basin stopped spreading at 20.5 Ma and the full spreading rate was 80 km/Myr. With this model, we find that the initial spreading near transect dc13 is about 23.3 Ma; this onset age here is very close to the determined age of the ridge jump that occurred about 400 km further northeast, and we consider this closeness to be unlikely because of the southwestward propagating nature of the rifting/drifting. The modeled crustal age at Site U1433 is 21.45 Ma, which is out of the age range determined from microfossil studies of sediment cores (Table 2 ). Furthermore, the terminal age of 20.5 Ma of this model appears to be too much larger than the sediment constrained age of 12 Ma at Site U1434, although we agree that the terminal age should be older than 12 Ma [Expedition 349 Scientists, 2014] . Additionally, the modeled anomalies are not in good match with observed anomalies (Figure 13) . According to the model of Yao et al. [1994] , opening of the Southwest Subbasin spanned from 35 to 42 Ma. Certainly, with this model, the crustal ages at IODP Sites U1433 and U1434 are expected to be older than 35 Ma, but this apparently is not the case from the drilling records. To check this model, we apply the average spreading rate of 40 km/Myr that is already estimated in the East Subbasin for the age period younger than the ridge jump event (23.6 Ma). This spreading rate is also close to that taken by Yao et al. [1994] . However, the modeled magnetic anomalies cannot match well with observed anomalies ( Figure 14) .
We now test the model of Briais et al. [1993] , who estimated that the terminal age is 16 Ma. The magnetic anomalies in the Southwest Subbasin are of higher frequencies and lower amplitudes, and appear spikier, than in the East Subbasin. These complexities in anomalies make it indeed difficult to calibrate. Again, with the average spreading rate of 40 km/Myr, we find from the modeling that this model is conformable to all known constraints, and a good match between modeled and observed anomalies is also observed ( Figure  15 ). We therefore prefer the age model of Briais et al. [1993] for the Southwest Subbasin and argue that the terminal age of seafloor spreading here is about 16 Ma [Qiu et al., 2014] . This suggests that the Southwest Subbasin stopped spreading about 1 Ma earlier than the East Subbasin. It is also revealed that the onset of spreading locally at the transect dc13 started at about 21.5 Ma. This is not the earliest onset age of spreading of the Southwest Subbasin, because from the regional magnetic anomaly map (Figure 8) , the earliest spreading started further northeast, soon after the ridge jump in the East Subbasin. 
Inference on Top Magnetic Structures
In our modeling above, we find that computing surface magnetic anomalies with a contamination coefficient R 5 1.0 yields acceptable results, but when computing deep tow magnetic anomalies, a smaller R 5 0.5 works better (Figures 9, 10, 11, and 15 ). If we use R 5 0.5 for computing surface anomalies, the anomalies will be too smooth, and likewise, using R 5 1.0 in modeling deep tow anomalies leads to spiky anomalies. This observation implies that deep tow magnetic anomalies have the advantage and capability of reflecting off-axis intrusions or late-stage lava flows, and/or deeper resources that are magnetized later than the primary basaltic layer. Previous studies have shown that the lower crust and uppermost mantle of the SCS are also magnetized [Li et al., 2010; Li and Song, 2012] . By contrast, surface magnetic anomalies that are observed further away from the magnetic sources, are less sensitive to shallow and small-scale alterations of magnetization, but reflect preferably the main episode of oceanic crustal accretion and magma emplacement. Therefore, deep tow magnetic modeling of the SCS magnetic layer suggests more complex basement magnetization than the simplified model with a constant thickness and uniform magnetization.
Here we examine the vertical and horizontal variations in magnetizations of the top magnetization layer.
IODP Site U1431 penetrated 118.01 m beneath the top of the igneous basement in the East Subbasin, and IODP Site U1433 in the Southwest Subbasin cored 60.81 m into igneous basement (Figures 16 and 17) . The overall basement recovery at the two sites was reasonably good, at 45.15% [Expedition 349 Scientists, 2014] . From the regional magnetic anomaly map, these two sites sit on positive magnetic anomalies (Figure 8) , and based on magnetic parameters in the area and our modeling results, the source magnetizations beneath these anomalies are expected to be transitive from a reversed block to the south to a normal block to the north. At both drill sites, shipboard paleomagnetic measurements of basement cores indicate that at least one magnetic reversal event occurred within the very top of the magnetic layer (Figures 16 and 17) , in which many lava flow units were identified [Expedition 349 Scientists, 2014] . Site U1431 also shows a 9 m thick hemipelagic mudstone layer between two basaltic units, further suggesting prolonged magmatic activities during the formation of the oceanic crust. At both sites, the upper intervals of the basaltic layer are normally magnetized based on paleomagnetic inclinations, but downhole transit to reversed polarity. While this could reflect the transitive nature around the possibly inferred magnetic block boundaries causing positive magnetic anomalies, the presence of interflow sediments and magnetic reversals in the top magnetic layer all suggest long periods of magmatic accretion that cause complex magnetization patterns. This observation from these two drill sites confirms our aforementioned inference on basement magnetization from magnetic modeling.
Another factor to consider for the basement magnetization is the remanent magnetization intensity. After 20 mT alternating field demagnetization, the intensities of the basement sections at the two sites all show downhole increasing trends from less than 1 to 2-2.5 A/m at the bottom, reflecting most likely the decreasing degree of basalt alteration with depth, but the magnetic intensities are all smaller than 3.0 A/m in the recovered intervals (Figures 16 and 17) . These observed magnetization intensity values are smaller than that used in our modeling (5.0 A/m), but considering the increasing downhole trend and the much thicker magnetic layer than what we already penetrated through drilling, the overall magnetization of the primary episode of magmatic accretion should be at a similar magnitude to the one we applied in the modeling.
Therefore, based on both modeling and observed magnetic polarity/intensity variations, we can argue that the top 100 m of the igneous basement of the SCS oceanic crust is not the main contributor to observed Geochemistry, Geophysics, Geosystems 10.1002/2014GC005567 magnetic anomalies that are applicable to age dating. The primary magnetic sources are more deeply buried. This is an important inference on the magnetic structure, and could be applicable to other slow to intermediate spreading basins.
Lateral variations in basement magnetization are not directly inverted in this study, but can be easily assessed from the modeling. We find that, with a constant magnetic intensity of 5.0 A/m, the modeled magnetic anomalies are mostly matchable to the observed anomalies in their amplitudes. However, to the north of anomaly M1 and to the south of anomaly M2, the modeled anomalies are much higher within the central basin, even with the consideration of deepened basement carrying the primary magnetization at these areas in the modeling, whereas the observed and modeled anomalies in other segments are in similar scales. We attribute this anomaly difference to lower basement magnetizations in the two areas with the oldest crustal ages, which was also indicated previously from 3-D analytical signal analysis [Li et al., 2008] .
Parameters accounting for lateral variation in apparent basement magnetization could include basement depth and composition, alteration of the primary magnetic minerals, long-term changes in the paleomagnetic field intensity, spreading rate and direction, tectonic context, thickness of the magnetic layer, and basaltic alteration. For profiles de12 and dd12, the amplitude of the magnetic anomalies becomes gradually smeared from 23 to 31 Ma (Figure 3) . However, the modeled magnetic anomalies show rather comparable amplitude throughout the profile (Figures 9 and 10) . Therefore, the effects of the basement depth on the magnetic amplitudes can be ruled out since there is not a significant correlation between the amplitude of the magnetic anomalies and the basement depth. Channell and Lanci [2014] constructed the Oligocene to Miocene (17.5-26.5 Ma) relative paleomagnetic paleointensity (RPI) for the equatorial Pacific, which exhibits a quasi periodicity of 50 kyr, and typically shows high RPI values at 23, 24, and 26 Ma. This pattern seems to be partly consistent with the observed deep-tow anomalies that also show relatively high amplitudes around these ages (Figures 9 and 10 ).
Observed magnetic anomalies can reflect changes in the magnetic assemblage in terms of the concentration, domain state, and the degree of low-temperature oxidation. For magnetic particles with grain size larger than the superparamagnetic size, the remanence magnetization will be inversely related to grain size [Dunlop and € Ozdemir, 1997; Liu et al., 2012] . Low-temperature oxidation can greatly attenuate the anomaly intensity by the maghemitiztion processes that transform (titano)magnetite to (titano)maghemite [Zhou et al., 2001] , and it is reasonable to expect that magnetic particles in older rocks with higher degrees of lowtemperature oxidation and alteration have lower magnetic susceptibility [e.g., Wang et al., 2005] . While this could explain the low magnetic anomalies in the two areas of the central basin to the north of anomaly M1 and to the south of anomaly M2, the sharp boundaries of M1 and M2 seem to be at odds with this suggestion.
In summary, compositional variations in basement mineralogy and geochemistry appear to be the primary and most plausible explanation for observed variations in apparent magnetization, whereas spreading rates and relative paleomagnetic paleointensity could have also contributed to the complexity. From magnetic anomalies, it seems that basement rocks are less mafic and lower in magnetic susceptibility in the entire narrow Southwest Subbasin and in areas adjacent to the continents in the East Subbasin, probably indicating more continental influences on their magma sources [Pautot et al., 1986; Li et al., 2008 ].
Conclusions
Two comprehensive magnetic surveys deploying five sets of different instruments (deep-towed proton precession and three-axis magnetoresistor magnetometers, surface-towed proton precession magnetic gradiometer and three-axis fluxgate magnetometer, and seafloor geomagnetic base station) with the newly built R/V Haiyang 6 acquired 1220 km of deep tow magnetic anomalies for the first time offshore coastal China. These high-resolution and large-amplitude magnetic data along four carefully selected transects, together with discoveries from International Ocean Discovery Program (IODP) Expedition 349 finished in 2014, provide a unique opportunity to reassess current opening models of the SCS. time difference indicates discontinuous initial spreading along the present-day continent-ocean boundary (COB). The terminal age of seafloor spreading in the East Subbasin is estimated at 15 Ma, and the terminal age is 16 Ma in the Southwest Subbasin.
Modeling results of three deep tow transects support that a ridge jump occurred around 23.6 Ma, though varying slightly in timing from place to place. The distance of this southward jump in spreading center is about 20 km. It accounts primarily for the asymmetry in basin width across the relict spreading center. We suspect that the ridge jump that occurred around 23.6 Ma in the East Subbasin also represents the age of initial onset of opening of the Southwest Subbasin. These modeled ages fit well with age constraints based on microfossils in recovered cores from IODP Expedition 349. Overall, our age model is closer to or more consistent with the early models of Hayes [1980, 1983] and Briais et al. [1993] than to other proposed models.
Our modeling suggests that the full spreading rate in the East Subbasin varies from 20 to 80 km/Myr, putting the SCS into a low to intermediate spreading basin. Spreading started at a relatively high rate and lasted for about 3 Myr, and then dropped to about 25 km/Myr on average from 29 to 26 Ma before the occurrence of magnetic anomalies M1 and M2. From M1 and M2 to the ridge jump, the spreading rate maintained a high rate of about 70 km/Myr, and afterward the spreading rate variably decreased from 50 to 35 km/Myr at the end of seafloor spreading. Our calibrated spreading rates are quite opposite to those proposed by Barckhausen et al. [2014] , who suggested faster spreading rates that even increased after the ridge jump to 72 km/Myr in the East Subbasin.
Both deep tow magnetic modeling and measured magnetic polarities from IODP Expedition 349 cores suggest late-stage lava flows and/or deeper magnetic sources that were magnetized later in a different polarity from that of the primary basaltic layer emplaced during the main phase of crustal accretion. These geological processes are revealed by measured magnetic anomalies, but more so with deep towed than surfacetowed anomalies, implying that deep tow magnetic anomalies are more sensitive to basement complexities than surface anomalies as the deep tow measurements are made closer to the magnetic sources. We observe that the primary contributor to apparent magnetization variations is basement mineralogy and geochemistry, but locally spreading rates and relative paleomagnetic paleointensity may also play secondary roles.
